(J Am Heart Assoc. 2017;6:e006659 DOI: [10.1161/JAHA.117.006659](10.1161/JAHA.117.006659).)29263032

Clinical PerspectiveWhat Is New?Although the cholesterol‐lowering benefit of plant protein sources, such as soy, pulses, and nuts, is well documented, the overall cholesterol‐lowering benefit of plant protein in substitution for animal protein (as meat, dairy, and/or egg alternatives) has not been synthesized.The available evidence from randomized controlled trials suggests that 1 to 2 servings of plant protein in substitution for animal protein decreases low‐density lipoprotein cholesterol, non--high‐density lipoprotein cholesterol, and apolipoprotein B by ≈4% in adults with and without hyperlipidemia.Because of inconsistency or imprecision in the estimates, the overall quality (certainty) of the evidence is moderate by the Grading of Recommendations Assessment, Development, and Evaluation system, suggesting that more research will refine our estimates.What Are the Clinical Implications?Because the intake of plant protein from soy, nuts, and pulses remains low, there is an opportunity for people to realize the lipid‐lowering benefits of sustainable plant‐based dietary strategies that substitute plant protein for animal protein.Plant protein, especially in combination with other cholesterol‐lowering foods (eg, viscous fiber and plant sterols) and/or as an adjunct to lipid‐lowering pharmacotherapy, may have a clinically meaningful benefit in helping people to achieve lipid targets and reduce cardiovascular risk.

Introduction {#jah32821-sec-0009}
============

Cardiovascular disease (CVD) accounts for ≈48% of deaths attributable to noncommunicable disease worldwide and remains the number one cause of mortality.[1](#jah32821-bib-0001){ref-type="ref"}, [2](#jah32821-bib-0002){ref-type="ref"} Modification by diet and lifestyle of risk factors, particularly dyslipidemia, remains the cornerstone of therapy, according to major cardiovascular guidelines.[3](#jah32821-bib-0003){ref-type="ref"}, [4](#jah32821-bib-0004){ref-type="ref"}

There has been increasing recent interest in plant‐based diets. Vegetarian and vegan dietary patterns and other plant‐based dietary patterns, such as the Mediterranean diet, have been established as dietary patterns that improve lipid profiles and reduce risks of CVD.[5](#jah32821-bib-0005){ref-type="ref"}, [6](#jah32821-bib-0006){ref-type="ref"}, [7](#jah32821-bib-0007){ref-type="ref"} Both the Scientific Report of the 2015 Dietary Guidelines Advisory Committee and 2016 Canadian Cardiovascular Society guidelines recently recommended a vegetarian dietary pattern and a Mediterranean dietary pattern for cardiovascular protection.[3](#jah32821-bib-0003){ref-type="ref"}, [8](#jah32821-bib-0008){ref-type="ref"} The mechanisms by which these dietary patterns improve cardiovascular risk likely include intrinsic and extrinsic pathways. Plant protein sources, such as soy, dietary pulses, and nuts, have all individually shown lipid‐lowering advantages through their specific components (specific protein fractions \[7s‐globulin\], viscous fibers, polyunsaturated fatty acids, and plant sterols). Replacement of animal protein with plant protein has also shown advantages through the displacement of saturated fatty acids.[9](#jah32821-bib-0009){ref-type="ref"} The combination allows for meaningful reductions in lipids in systematic reviews and meta‐analyses of randomized controlled trials (RCTs).[9](#jah32821-bib-0009){ref-type="ref"}, [10](#jah32821-bib-0010){ref-type="ref"}, [11](#jah32821-bib-0011){ref-type="ref"}, [12](#jah32821-bib-0012){ref-type="ref"}

Despite the strong biological plausibility supporting their benefit and endorsement of plant‐based diets from recent guidelines, there is still uncertainty as to whether the benefit is attributable to the exchange of plant protein for animal protein or to other aspects of a plant‐based dietary pattern. It remains difficult to isolate specific mechanisms,[13](#jah32821-bib-0013){ref-type="ref"}, [14](#jah32821-bib-0014){ref-type="ref"}, [15](#jah32821-bib-0015){ref-type="ref"} and the strength of the evidence supporting the lipid‐lowering effects of plant protein remains disputed.[16](#jah32821-bib-0016){ref-type="ref"}, [17](#jah32821-bib-0017){ref-type="ref"}, [18](#jah32821-bib-0018){ref-type="ref"}, [19](#jah32821-bib-0019){ref-type="ref"} As a result, many authoritative guidelines do not specifically recommend substituting plant protein for animal protein for lipid‐lowering and cardiovascular protection.[20](#jah32821-bib-0020){ref-type="ref"}, [21](#jah32821-bib-0021){ref-type="ref"}, [22](#jah32821-bib-0022){ref-type="ref"}, [23](#jah32821-bib-0023){ref-type="ref"} To summarize and evaluate the available evidence, we conducted a systematic review and meta‐analysis using the Grading of Recommendations Assessment, Development, and Evaluation (GRADE) system of the effect of substituting plant protein for animal protein on the established lipid targets for CVD prevention, low‐density lipoprotein cholesterol (LDL‐C), non-- high‐density lipoprotein cholesterol (non--HDL‐C), and apolipoprotein B (Apo‐B), in RCTs.[4](#jah32821-bib-0004){ref-type="ref"}, [24](#jah32821-bib-0024){ref-type="ref"}

Methods {#jah32821-sec-0010}
=======

This study was planned and conducted following the *Cochrane Handbook for Systematic Review of Interventions*.[25](#jah32821-bib-0025){ref-type="ref"} Data were reported in accordance with Preferred Reporting Items for Systematic Reviews and Meta‐Analyses guidelines.[26](#jah32821-bib-0026){ref-type="ref"} The authors declare that all supporting data are available within the article (and its supplementary files).

Literature Search {#jah32821-sec-0011}
-----------------

We searched MEDLINE, EMBASE, and the Cochrane Register through September 9, 2017, for eligible trials. Table [S1](#jah32821-sup-0001){ref-type="supplementary-material"} shows our detailed search strategy.

Study Selection {#jah32821-sec-0012}
---------------

We included randomized, long‐term, dietary intervention trials in human subjects comparing LDL‐C, non--HDL‐C, and/or Apo‐B parameters between plant and animal protein intervention arms. To be included, studies had to be at least 3 weeks in duration and performed in accordance with the minimum trial follow‐up requirement of the US Food and Drug Administration for lipid‐lowering health claims.[27](#jah32821-bib-0027){ref-type="ref"} Studies deliberately introducing confounding factors (eg, plant sterols or combined therapeutic interventions) to the plant protein arm were also excluded, including studies applying a broad vegetarian or vegan dietary pattern as opposed to a direct substitution of protein sources. No restrictions were placed on language.

Data Extraction {#jah32821-sec-0013}
---------------

Study characteristics and results of eligible trials were each extracted by S.S.L. and a coextractor (L.L., S.B.M., S.E.S., E.V., or V.H.). Extracted characteristics include study setting, design, duration, blinding, sample size, participant characteristics, and plant and animal protein diet descriptions. Risk of bias of eligible trials was also assessed by S.S.L. and the same coextractor using the Cochrane risk of bias tool, which categorizes studies as high, low, or unclear risk of bias on the basis of criteria pertaining to selection bias, blinding, incomplete outcome data, and reporting bias.[25](#jah32821-bib-0025){ref-type="ref"} PlotDigitizer version 2.5.1 (Free Software Foundation, Boston, MA) was used to extract data from graphs, where applicable. Any discrepancies in data extraction or risk of bias assessment were reconciled by consensus.

Grading of the Evidence {#jah32821-sec-0014}
-----------------------

The overall quality (certainty) of evidence was assessed using the GRADE system,[28](#jah32821-bib-0028){ref-type="ref"}, [29](#jah32821-bib-0029){ref-type="ref"}, [30](#jah32821-bib-0030){ref-type="ref"}, [31](#jah32821-bib-0031){ref-type="ref"}, [32](#jah32821-bib-0032){ref-type="ref"}, [33](#jah32821-bib-0033){ref-type="ref"}, [34](#jah32821-bib-0034){ref-type="ref"}, [35](#jah32821-bib-0035){ref-type="ref"}, [36](#jah32821-bib-0036){ref-type="ref"}, [37](#jah32821-bib-0037){ref-type="ref"}, [38](#jah32821-bib-0038){ref-type="ref"}, [39](#jah32821-bib-0039){ref-type="ref"}, [40](#jah32821-bib-0040){ref-type="ref"} which grades evidence as high, moderate, low, or very low quality. RCTs are graded as high‐quality evidence by default. Scores can then be downgraded on the basis of the following prespecified criteria: risk of bias (weight of studies shows important risk of bias), inconsistency (substantial unexplained interstudy heterogeneity of I^2^ \>50%, P\<0.10), indirectness (presence of factors that limit the generalizability of the results), imprecision (95% confidence interval \[CI\] for risk estimates are wide or overlap a minimally important difference of 0.1 mmol/L for LDL‐C and non‐HDL‐C and 0.04 g/L for Apo‐B), and publication bias (evidence of small‐study effects).

Statistical Analysis {#jah32821-sec-0015}
--------------------

We used Review Manager version 5.3 (The Nordic Cochrane Centre, The Cochrane Collaboration, Copenhagen, Denmark) for primary analyses and Stata version 13 (StataCorp, College Station, TX) for meta‐regression and publication bias tests. Data were pooled using the generic inverse variance method with random‐effects models and are expressed as mean differences (MDs) with 95% CIs. All analyses were repeated using fixed‐effects models and parametric bootstrapping as sensitivity analyses. Where there were multiple plant or animal protein arms in a single trial, we pooled intervention arms to obtain a single pairwise comparison, to mitigate unit‐of‐analysis error[25](#jah32821-bib-0025){ref-type="ref"}; where relevant, these arms were assessed separately for subgroup analyses.

Change‐from‐baseline values were favored, and differences in change‐from‐baseline values were used, where given; otherwise, we used end‐difference values, if reported, or calculated the differences from available data. Non--HDL‐C values were calculated by subtracting HDL‐C from total cholesterol values, where non--HDL‐C values were not directly reported, and the variance sum law was used to derive SDs for non--HDL‐C from total cholesterol and HDL‐C variance data.[41](#jah32821-bib-0041){ref-type="ref"} In crossover trials, missing variance data were calculated from *t* test *P* values using standard formulas; where *P* values were unavailable, a correlation coefficient of 0.5 was assumed as a conservative estimate and used to impute SE data.[25](#jah32821-bib-0025){ref-type="ref"}, [42](#jah32821-bib-0042){ref-type="ref"} Where no variance data were available, the average SD of the MDs across all other included trials was used to derive the SEM difference on the basis of the respective trial\'s sample size.

Interstudy heterogeneity was evaluated by the Cochran Q statistic and quantified using the I^2^ statistic. *P*\<0.10 was considered significant; an I^2^ value of 50% or higher was considered substantial.[25](#jah32821-bib-0025){ref-type="ref"} Potential sources of heterogeneity were investigated by additional sensitivity analyses, in which we recalculated the pooled effect estimate after removing each individual trial, after removing all imputed data, and after imputing alternative correlation coefficients of 0.25 and 0.75. We additionally investigated potential sources of heterogeneity by subgroup analyses. Our a priori subgroups included study design, protein dose, plant and animal protein type, duration of follow‐up, and baseline lipid values. A post hoc analysis was also conducted for protein form (ie, whole food or protein isolate product). Between‐subgroup differences were assessed using meta‐regression with dummy variables.

A post hoc dose‐response analysis was conducted using a piecewise linear meta‐regression via the mkspline function, to assess potential dose thresholds for the continuous subgroup addressing grams of protein substitution.

Publication bias was assessed by inspection of funnel plots and by the use of Egger and Begg tests. Where publication bias was suspected, Duval and Tweedie nonparametric "trim‐and‐fill" analyses were also applied to assess the effect of the imputed "missing" studies.[43](#jah32821-bib-0043){ref-type="ref"}

Results {#jah32821-sec-0016}
=======

Search Results {#jah32821-sec-0017}
--------------

Figure [1](#jah32821-fig-0001){ref-type="fig"} shows the trial selection process. Our search identified 3917 reports, of which 3689 were excluded on the basis of review of titles and abstracts. The remaining 228 articles were reviewed in full, of which 104 provided data for 112 trial comparisons for inclusion in our analyses.[44](#jah32821-bib-0044){ref-type="ref"}, [45](#jah32821-bib-0045){ref-type="ref"}, [46](#jah32821-bib-0046){ref-type="ref"}, [47](#jah32821-bib-0047){ref-type="ref"}, [48](#jah32821-bib-0048){ref-type="ref"}, [49](#jah32821-bib-0049){ref-type="ref"}, [50](#jah32821-bib-0050){ref-type="ref"}, [51](#jah32821-bib-0051){ref-type="ref"}, [52](#jah32821-bib-0052){ref-type="ref"}, [53](#jah32821-bib-0053){ref-type="ref"}, [54](#jah32821-bib-0054){ref-type="ref"}, [55](#jah32821-bib-0055){ref-type="ref"}, [56](#jah32821-bib-0056){ref-type="ref"}, [57](#jah32821-bib-0057){ref-type="ref"}, [58](#jah32821-bib-0058){ref-type="ref"}, [59](#jah32821-bib-0059){ref-type="ref"}, [60](#jah32821-bib-0060){ref-type="ref"}, [61](#jah32821-bib-0061){ref-type="ref"}, [62](#jah32821-bib-0062){ref-type="ref"}, [63](#jah32821-bib-0063){ref-type="ref"}, [64](#jah32821-bib-0064){ref-type="ref"}, [65](#jah32821-bib-0065){ref-type="ref"}, [66](#jah32821-bib-0066){ref-type="ref"}, [67](#jah32821-bib-0067){ref-type="ref"}, [68](#jah32821-bib-0068){ref-type="ref"}, [69](#jah32821-bib-0069){ref-type="ref"}, [70](#jah32821-bib-0070){ref-type="ref"}, [71](#jah32821-bib-0071){ref-type="ref"}, [72](#jah32821-bib-0072){ref-type="ref"}, [73](#jah32821-bib-0073){ref-type="ref"}, [74](#jah32821-bib-0074){ref-type="ref"}, [75](#jah32821-bib-0075){ref-type="ref"}, [76](#jah32821-bib-0076){ref-type="ref"}, [77](#jah32821-bib-0077){ref-type="ref"}, [78](#jah32821-bib-0078){ref-type="ref"}, [79](#jah32821-bib-0079){ref-type="ref"}, [80](#jah32821-bib-0080){ref-type="ref"}, [81](#jah32821-bib-0081){ref-type="ref"}, [82](#jah32821-bib-0082){ref-type="ref"}, [83](#jah32821-bib-0083){ref-type="ref"}, [84](#jah32821-bib-0084){ref-type="ref"}, [85](#jah32821-bib-0085){ref-type="ref"}, [86](#jah32821-bib-0086){ref-type="ref"}, [87](#jah32821-bib-0087){ref-type="ref"}, [88](#jah32821-bib-0088){ref-type="ref"}, [89](#jah32821-bib-0089){ref-type="ref"}, [90](#jah32821-bib-0090){ref-type="ref"}, [91](#jah32821-bib-0091){ref-type="ref"}, [92](#jah32821-bib-0092){ref-type="ref"}, [93](#jah32821-bib-0093){ref-type="ref"}, [94](#jah32821-bib-0094){ref-type="ref"}, [95](#jah32821-bib-0095){ref-type="ref"}, [96](#jah32821-bib-0096){ref-type="ref"}, [97](#jah32821-bib-0097){ref-type="ref"}, [98](#jah32821-bib-0098){ref-type="ref"}, [99](#jah32821-bib-0099){ref-type="ref"}, [100](#jah32821-bib-0100){ref-type="ref"}, [101](#jah32821-bib-0101){ref-type="ref"}, [102](#jah32821-bib-0102){ref-type="ref"}, [103](#jah32821-bib-0103){ref-type="ref"}, [104](#jah32821-bib-0104){ref-type="ref"}, [105](#jah32821-bib-0105){ref-type="ref"}, [106](#jah32821-bib-0106){ref-type="ref"}, [107](#jah32821-bib-0107){ref-type="ref"}, [108](#jah32821-bib-0108){ref-type="ref"}, [109](#jah32821-bib-0109){ref-type="ref"}, [110](#jah32821-bib-0110){ref-type="ref"}, [111](#jah32821-bib-0111){ref-type="ref"}, [112](#jah32821-bib-0112){ref-type="ref"}, [113](#jah32821-bib-0113){ref-type="ref"}, [114](#jah32821-bib-0114){ref-type="ref"}, [115](#jah32821-bib-0115){ref-type="ref"}, [116](#jah32821-bib-0116){ref-type="ref"}, [117](#jah32821-bib-0117){ref-type="ref"}, [118](#jah32821-bib-0118){ref-type="ref"}, [119](#jah32821-bib-0119){ref-type="ref"}, [120](#jah32821-bib-0120){ref-type="ref"}, [121](#jah32821-bib-0121){ref-type="ref"}, [122](#jah32821-bib-0122){ref-type="ref"}, [123](#jah32821-bib-0123){ref-type="ref"}, [124](#jah32821-bib-0124){ref-type="ref"}, [125](#jah32821-bib-0125){ref-type="ref"}, [126](#jah32821-bib-0126){ref-type="ref"}, [127](#jah32821-bib-0127){ref-type="ref"}, [128](#jah32821-bib-0128){ref-type="ref"}, [129](#jah32821-bib-0129){ref-type="ref"}, [130](#jah32821-bib-0130){ref-type="ref"}, [131](#jah32821-bib-0131){ref-type="ref"}, [132](#jah32821-bib-0132){ref-type="ref"}, [133](#jah32821-bib-0133){ref-type="ref"}, [134](#jah32821-bib-0134){ref-type="ref"}, [135](#jah32821-bib-0135){ref-type="ref"}, [136](#jah32821-bib-0136){ref-type="ref"}, [137](#jah32821-bib-0137){ref-type="ref"}, [138](#jah32821-bib-0138){ref-type="ref"}, [139](#jah32821-bib-0139){ref-type="ref"}, [140](#jah32821-bib-0140){ref-type="ref"}, [141](#jah32821-bib-0141){ref-type="ref"}, [142](#jah32821-bib-0142){ref-type="ref"}, [143](#jah32821-bib-0143){ref-type="ref"}, [144](#jah32821-bib-0144){ref-type="ref"}, [145](#jah32821-bib-0145){ref-type="ref"}, [146](#jah32821-bib-0146){ref-type="ref"}, [147](#jah32821-bib-0147){ref-type="ref"}

![Search summary.](JAH3-6-e006659-g001){#jah32821-fig-0001}

Trial Characteristics {#jah32821-sec-0018}
---------------------

The [Table](#jah32821-tbl-0001){ref-type="table-wrap"} summarizes characteristics of the included trials. Detailed characteristics are shown in Table [S2](#jah32821-sup-0001){ref-type="supplementary-material"}. In total, 5774 participants (median age, 54 years) were included in this analysis. There were more women versus men overall (≈5:3 ratio), but this difference is largely attributable to a few large female‐only trials, and the median sex ratio in trials was relatively balanced (44% men). Sixty‐one trials were crossover, and all but 4 were in outpatient settings. Half of the trials were conducted in the United States and Canada (60 of 112), but trials were also distributed across European (24 trials), Asian (10 trials), Middle‐Eastern (9 trials), and South American (3 trials) countries, as well as Australia (6 trials). Of 112 trials, 34 recruited healthy subjects (including healthy postmenopausal women); 51 trials recruited subjects with hyperlipidemia, 4 of which also selected for additional conditions. The remaining 28 trials included participants with various conditions, including renal disease, overweight, obesity, type 2 diabetes mellitus, and hypertension. Average baseline LDL‐C, non--HDL‐C, and Apo‐B measures were 3.81 mmol/L, 4.42 mmol/L, and 1.16 g/L, respectively.

###### 

Summary Table of Characteristics

  Trial Characteristics                                                                                  LDL‐C                                                                                                Non--HDL‐C                                                                                           Apo‐B
  ------------------------------------------------------------------------------------------------------ ---------------------------------------------------------------------------------------------------- ---------------------------------------------------------------------------------------------------- --------------------------------------------
  Trial number, N                                                                                        108                                                                                                  102                                                                                                  37
  Total participants                                                                                     5582                                                                                                 5401                                                                                                 1506
  Trial size (participants)[a](#jah32821-note-0003){ref-type="fn"}                                       32 (4--352)                                                                                          32 (4--352)                                                                                          32 (4--130)
  Male:female ratio[b](#jah32821-note-0004){ref-type="fn"}, [c](#jah32821-note-0005){ref-type="fn"}      37:63                                                                                                39:61                                                                                                51:49
  Age, y[c](#jah32821-note-0005){ref-type="fn"}, [d](#jah32821-note-0006){ref-type="fn"}                 54 (44--59)                                                                                          54 (44--59)                                                                                          54 (43--60)
  Inpatient:outpatient setting[b](#jah32821-note-0004){ref-type="fn"}                                    4:96                                                                                                 3:97                                                                                                 3:97
  Baseline serum level[d](#jah32821-note-0006){ref-type="fn"}, [e](#jah32821-note-0007){ref-type="fn"}   3.7 (3.0--4.2) mmol/L                                                                                4.4 (3.8--5.0) mmol/L                                                                                1.2 (1--1.4) g/L
  Crossover:parallel study design[b](#jah32821-note-0004){ref-type="fn"}                                 54:46                                                                                                54:46                                                                                                57:43
  Amount of substitution, g[d](#jah32821-note-0006){ref-type="fn"}                                       29 (23--49)                                                                                          30 (22--50)                                                                                          30 (25--50)
  Follow‐up duration, wks[a](#jah32821-note-0003){ref-type="fn"}                                         6 (3--208)                                                                                           6 (3--208)                                                                                           6 (3--52)
  Funding sources (agency:industry:agency‐industry:NR)[b](#jah32821-note-0004){ref-type="fn"}            23:19:48:9                                                                                           23:19:49:10                                                                                          19:32:43:5
  Plant protein source, N                                                                                Soy, 91; lupin, 3; legumes, 3; pinto beans, 2; pulses, 2; barley, 1; pea, 1; walnut, 1; various, 4   Soy, 84; legumes, 3; lupin, 3; pinto beans, 2; pulses, 2; barley, 1; pea, 1; walnut, 1; various, 5   Soy, 34; legumes, 1; walnut, 1; various, 1
  Animal protein source, N                                                                               Dairy, 70; meat, 10; chicken noodle soup, 2; egg, 1; various, 25                                     Dairy, 64; meat, 10; chicken noodle soup, 2; egg, 1; various, 25                                     Dairy, 25; meat, 3; egg, 1; various, 8
  Protein form, N                                                                                        Whole food, 38; protein isolate, 72                                                                  Whole food, 40; protein isolate, 63                                                                  Whole food, 10; protein isolate, 28

Apo‐B indicates apolipoprotein B; HDL‐C, high‐density lipoprotein cholesterol; LDL‐C, low‐density lipoprotein cholesterol; and NR, not reported.

Values are reported as medians (ranges).

Values are reported as percentage ratios.

Includes baseline data before dropouts, where final data were not available.

Values are reported as medians (interquartile ranges).

Baseline serum‐level data correspond to the respective lipid marker for each end point.

Of 112 trials, 94 used soy as the sole plant protein intervention, and 74 used dairy as the sole animal protein intervention. Other plant protein sources included various pulses, nuts, barley, and seeds; other animal protein sources included meat, fatty fish, and eggs. Seventy‐one trials used protein isolate products, 37 used whole foods, and 4 used a combination of the two. The median protein substitution was ≈30 g/d. Trial follow‐up ranged from 3 weeks to 4 years, with a median follow‐up of 6 weeks. Twenty‐five trials obtained funding from publicly funded agencies alone, 22 were supported by industry funding alone, and 55 used a combination of the two.

Most of our included trials were deemed to be "low risk of bias" or "unclear risk of bias" across most domains by the Cochrane Risk of Bias tool. Of the trials rated has high risk of bias, 3 were for allocation concealment, 3 were for blinding, 14 were for incomplete outcome data, and 5 were for selective outcome reporting; 1 trial was considered to have an alternative high‐risk source of bias (substantial macronutrient imbalance in protein interventions for tofu compared with cheese, in the trial by Meredith et al[107](#jah32821-bib-0107){ref-type="ref"}). Detailed risk of bias assessment data can be found in Figure [S1](#jah32821-sup-0001){ref-type="supplementary-material"}.

Effect on LDL‐C {#jah32821-sec-0019}
---------------

Figure [2](#jah32821-fig-0002){ref-type="fig"} and Figures [S2](#jah32821-sup-0001){ref-type="supplementary-material"} and [S3](#jah32821-sup-0001){ref-type="supplementary-material"} show the effect of plant protein in substitution for animal protein intake on LDL‐C across 108 trials. We found a significant reduction in LDL‐C (MD, −0.16 mmol/L \[95% CI, −0.20 to −0.12 mmol/L\]; *P*\<0.00001), with evidence of substantial interstudy heterogeneity (I^2^ *=*55%; *P*\<0.00001). Fixed‐effects model analysis, bootstrap analysis (Table [S3](#jah32821-sup-0001){ref-type="supplementary-material"}), and sensitivity analyses did not alter the direction or significance of the effect estimates. Subgroup analyses were nonsignificant and failed to explain heterogeneity (Figure [S4](#jah32821-sup-0001){ref-type="supplementary-material"}). Post hoc subgroup analyses (Figure [S5](#jah32821-sup-0001){ref-type="supplementary-material"}) failed to identify significant effect modification by protein form on LDL‐C, and post hoc dose‐response analyses (Table [S4](#jah32821-sup-0001){ref-type="supplementary-material"}) did not find a dose threshold for LDL‐C in continuous subgroup analyses.

![Primary analyses. Pooled effect estimates for each end point (squares) shown. Paired analyses were applied to all crossover trials. Data are expressed as mean differences (95% confidence intervals \[CIs\]), using generic inverse‐variance random‐effects models. Interstudy heterogeneity was tested using the Cochran Q statistic (χ^2^) at a significance level of *P*\<0.10 and quantified by I^2^; levels of ≥50% represented substantial heterogeneity. All outcomes had significant pooled effect estimates. Heterogeneity was significant and substantial for low‐density lipoprotein cholesterol (LDL‐C) and non--high‐density lipoprotein cholesterol (HDL‐C), and significant but not substantial for apolipoprotein B (Apo‐B).](JAH3-6-e006659-g002){#jah32821-fig-0002}

Effect on Non--HDL‐C {#jah32821-sec-0020}
--------------------

Figure [2](#jah32821-fig-0002){ref-type="fig"} and Figures [S6](#jah32821-sup-0001){ref-type="supplementary-material"} and [S7](#jah32821-sup-0001){ref-type="supplementary-material"} show the effect of plant protein in substitution for animal protein intake on non--HDL‐C across 102 trials. We found a significant reduction in non--HDL‐C (MD, −0.18 mmol/L \[95% CI, −0.22 to −0.14 mmol/L\]; *P*\<0.00001), with evidence of substantial interstudy heterogeneity (I^2^=52%; *P*\<0.00001). Fixed‐effects model analysis, bootstrap analysis (Table [S3](#jah32821-sup-0001){ref-type="supplementary-material"}), and sensitivity analyses did not alter the direction or significance of the effect estimates. Subgroup analyses, however, did reveal a greater reduction in non‐HDL‐C in trials with higher baseline non‐HDL‐C levels (between‐subgroup difference, −0.09 mmol/L \[95% CI, −0.17 to −0.01 mmol/L\]; *P*=0.03), with a residual I^2^=43% (Figure [S8](#jah32821-sup-0001){ref-type="supplementary-material"}). Post hoc subgroup analyses (Figure [S5](#jah32821-sup-0001){ref-type="supplementary-material"}) failed to identify significant effect modification by protein form on non--HDL‐C, and post hoc dose‐response analyses (Table [S4](#jah32821-sup-0001){ref-type="supplementary-material"}) did not find a dose threshold in continuous subgroup analyses.

Effect on Apo‐B {#jah32821-sec-0021}
---------------

Figure [2](#jah32821-fig-0002){ref-type="fig"} and Figures [S9](#jah32821-sup-0001){ref-type="supplementary-material"} and [S10](#jah32821-sup-0001){ref-type="supplementary-material"} show the effect of plant protein in substitution for animal protein intake on Apo‐B across 37 trials. We found a significant reduction in Apo‐B by plant protein (MD, −0.05 g/L \[95% CI, −0.06 to −0.03 g/L\]; *P*\<0.00001), with evidence of moderate interstudy heterogeneity (I^2^ *=*30%; *P*=0.05). Fixed‐effects model analysis, bootstrap analysis (Table [S3](#jah32821-sup-0001){ref-type="supplementary-material"}), and sensitivity analyses did not alter the direction or significance of the effect estimates. Subgroup analyses also did not explain the heterogeneity (Figure [S11](#jah32821-sup-0001){ref-type="supplementary-material"}). However, removal of the 2007 study by Azadbakht et al[51](#jah32821-bib-0051){ref-type="ref"} modified heterogeneity from significant to nonsignificant (I^2^ *=*21%; *P*=0.14). Post hoc subgroup analyses (Figure [S5](#jah32821-sup-0001){ref-type="supplementary-material"}) failed to identify significant effect modification by protein form on non--HDL‐C, and post hoc dose‐response analyses (Table [S4](#jah32821-sup-0001){ref-type="supplementary-material"}) did not find a dose threshold in continuous subgroup analyses.

Publication Bias {#jah32821-sec-0022}
----------------

Figure [S12](#jah32821-sup-0001){ref-type="supplementary-material"} shows the funnel plots used to evaluate publication bias; on visual inspection, there was no evidence of asymmetry or small‐study effects for any outcome. The Egger test identified significant publication bias for LDL‐C (*P*=0.03), but the Begg test was nonsignificant. The Egger and Begg tests were nonsignificant across all other end points. Trim‐and‐fill analyses were conducted for LDL‐C, with data for 8 additional studies imputed to adjust for funnel plot asymmetry (Figure [S13](#jah32821-sup-0001){ref-type="supplementary-material"}). There was no evidence of meaningful small‐study effects. The direction, significance, and size of the pooled effect estimate after inclusion of the imputed studies were not significantly altered (MD, −0.18 mmol/L \[95% CI, −0.21 to −0.14 mmol/L\]; *P*\<0.001).

GRADE Assessment {#jah32821-sec-0023}
----------------

Table [S5](#jah32821-sup-0001){ref-type="supplementary-material"} shows a summary of the GRADE assessments for each end point. The evidence for both LDL‐C and non--HDL‐C was rated moderate quality, on the basis of a downgrade for inconsistency in both analyses. The evidence for Apo‐B was rated moderate quality, on the basis of a downgrade for imprecision.

Discussion {#jah32821-sec-0024}
==========

We conducted a systematic review and meta‐analysis of 112 RCTs assessing the effect of plant protein versus animal protein on established lipid targets for CVD prevention in 5774 adult participants with and without hyperlipidemia. Plant protein substitution for animal protein led to modest reductions in LDL‐C (−0.16 mmol/L or ≈4%; 95% CI, ≈3%--5%), non--HDL‐C (−0.18 mmol/L or ≈4%; 95% CI, ≈3%--5%), and Apo‐B (−0.05 g/L or ≈3%; 95% CI, 2%--5%). On the basis of studies finding a one‐to‐one relationship between LDL‐C and cardiovascular risk reductions, these findings would translate to a 4% risk in major cardiovascular events.[148](#jah32821-bib-0148){ref-type="ref"}, [149](#jah32821-bib-0149){ref-type="ref"}

Findings in Relation to the Literature {#jah32821-sec-0025}
--------------------------------------

Our findings are supported by other systematic reviews and meta‐analyses of the effect of individual sources of plant protein in substitution for different macronutrients (not just animal protein) on blood lipids. We showed, in an updated analysis of an American Heart Association analysis, that soy protein produced similar decreases in LDL‐C (≈4%) in RCTs involving participants with and without hyperlipidemia.[9](#jah32821-bib-0009){ref-type="ref"} An individual patient‐level pooled analysis of RCTs showed that tree nuts decrease LDL‐C by ≈7%, along with other lipid end points.[10](#jah32821-bib-0010){ref-type="ref"} A systematic review and meta‐analysis of the effect of dietary pulses on established lipid targets showed an LDL‐C--lowering effect of ≈5% and a tendency for a non--HDL‐C--lowering effect.[12](#jah32821-bib-0012){ref-type="ref"}

Our findings are also aligned with previous evidence related to plant protein as part of plant‐based dietary patterns. A systematic review of 13 observational studies and 14 RCTs trials demonstrated the lipid‐lowering benefits of plant‐based diets,[6](#jah32821-bib-0006){ref-type="ref"} and a recent systematic review and meta‐analysis of 11 RCTs found significant reductions in LDL‐C and non--HDL‐C following a vegetarian diet.[150](#jah32821-bib-0150){ref-type="ref"} We have shown that the Portfolio diet, which combines cholesterol‐lowering foods (including plant protein from soy, pulses, and nuts) along with viscous fibers and plant sterols, produces LDL‐C reductions comparable to lovastatin (−28.6% versus −30.9%) over 4 weeks when all foods were provided. [151](#jah32821-bib-0151){ref-type="ref"} There were more modest reductions of 10% to 15% (with greater reductions seen with greater adherence) when the diet was administered as dietary advice under free living conditions over 6 months.[152](#jah32821-bib-0152){ref-type="ref"} Our Eco‐Atkins trial also found greater reductions in LDL‐C with a vegan low‐carbohydrate ("Eco‐Atkins") diet that emphasizes plant proteins, compared with a high‐carbohydrate, low‐fat, lacto‐ovo vegetarian diet (treatment difference, −0.49 mmol/L).[153](#jah32821-bib-0153){ref-type="ref"}

Furthermore, studies have found an association between plant‐based diets and cardiovascular disease. The PREDIMED (Prevención con Dieta Mediterránea) trial showed that a predominantly plant‐based Mediterranean diet supplemented with nuts as a source of plant protein decreases major cardiovascular events.[154](#jah32821-bib-0154){ref-type="ref"} Prospective cohort studies offer further support showing that dietary patterns high in plant proteins, such as Mediterranean and vegetarian dietary patterns, are associated with reduced cardiovascular events.[155](#jah32821-bib-0155){ref-type="ref"}, [156](#jah32821-bib-0156){ref-type="ref"}, [157](#jah32821-bib-0157){ref-type="ref"}, [158](#jah32821-bib-0158){ref-type="ref"} An analysis of the Harvard cohorts found that low‐carbohydrate and high‐protein diets were associated with increased mortality, but inversely correlated with mortality and particularly CVD mortality when based on plant protein.[159](#jah32821-bib-0159){ref-type="ref"} Other prospective cohort studies have also shown that plant‐based diets are associated with a mortality benefit.[160](#jah32821-bib-0160){ref-type="ref"} On the other hand, increased intake of animal protein sources has been associated with negative health outcomes. A pooled analysis of the Harvard cohorts found that red meat consumption was associated with increased risks of total, cardiovascular, and cancer mortality.[161](#jah32821-bib-0161){ref-type="ref"} Other large, prospective, cohort studies have found an association between animal protein sources and disease or mortality.[162](#jah32821-bib-0162){ref-type="ref"}, [163](#jah32821-bib-0163){ref-type="ref"}, [164](#jah32821-bib-0164){ref-type="ref"}

There are several mechanisms by which plant protein may exert a lipid‐lowering effect. One explanation is that the plant protein source acts as a vehicle for other established antiatherogenic agents, such as plant sterols or soluble fiber; similarly, the displaced animal protein source could also act as a vehicle for hypercholesterolemic agents, such as saturated fat and cholesterol.[13](#jah32821-bib-0013){ref-type="ref"}, [14](#jah32821-bib-0014){ref-type="ref"}, [15](#jah32821-bib-0015){ref-type="ref"}, [24](#jah32821-bib-0024){ref-type="ref"} Interestingly, our post hoc subgroup analyses did not find a significant difference between protein isolate products and whole food sources for any given end point, suggesting that the cholesterol‐lowering effects are at least, in part, attributable to the plant protein itself rather than just the associated nutrients.

An alternative explanation relates to the amino acid breakdown encountered in plant proteins versus animal proteins; in particular, lysine, which is more prevalent in animal proteins, has been shown to increase cholesterol levels in animal models, whereas arginine, which is found more in plant proteins, has been found to have the opposite effect.[165](#jah32821-bib-0165){ref-type="ref"}, [166](#jah32821-bib-0166){ref-type="ref"}, [167](#jah32821-bib-0167){ref-type="ref"} The cholesterol‐lowering effect of arginine has also been demonstrated in a 5‐week arginine feeding trial in humans,[168](#jah32821-bib-0168){ref-type="ref"} but otherwise there are limited human studies investigating this subject. Proposed mechanisms for these effects involve bile acid production and binding of hepatic LDL receptors.[166](#jah32821-bib-0166){ref-type="ref"}, [169](#jah32821-bib-0169){ref-type="ref"}

A Priori Subgroup Analyses {#jah32821-sec-0026}
--------------------------

Our results appear to be robust to different trial conditions. Similar to a previous meta‐analysis by Anderson et al,[170](#jah32821-bib-0170){ref-type="ref"} we did find that increased baseline values amplified the effects seen in non--HDL‐C reduction. However, our overall analyses indicate that the lipid‐lowering effects of plant protein apply to both hypercholesterolemic and normal subjects, because the normocholesterolemic subgroup also showed a significant improvement in non--HDL‐C, and similar subgroup analyses in LDL‐C and Apo‐B were nonsignificant. The beneficial effects otherwise held across a range of ages and health statuses, and all other subgroup analyses were nonsignificant.

Strengths and Limitations {#jah32821-sec-0027}
-------------------------

Our systematic review and meta‐analysis has several strengths and limitations. The strengths include the identification of all available evidence through a systematic search strategy, the inclusion of RCTs that provide the greatest protection against bias, quantitative syntheses of the data, and assessment of the overall quality of the evidence using the GRADE system.

The limitations of our systematic review and meta‐analysis relate to inconsistency in the treatment effects and imprecision. Evidence of unexplained inconsistency in treatment effects was seen for 2 of the established therapeutic lipid end points. There was substantial interstudy heterogeneity in our LDL‐C and non--HDL‐C analyses, which was not fully explained by sensitivity or subgroup analyses. Evidence of imprecision was seen in Apo‐B, because the 95% CI for effect estimates for Apo‐B overlapped the prespecified minimally important difference of 0.04 g/L. Apo‐B also showed evidence of moderate interstudy heterogeneity; however, the statistical significance of heterogeneity was eliminated by the removal of the 2007 study by Azadbakht et al.[51](#jah32821-bib-0051){ref-type="ref"} We also considered downgrading for indirectness of the evidence. A relatively large proportion of the available trials evaluated soy as the sole plant protein source (94 of 112 trials) and/or dairy as the sole animal protein source (74 of 112 trials). Subgroup analyses, however, did not reveal evidence of significant effect modification by protein sources across any of the 3 end points, which suggests that the effects seen apply across varying plant and animal protein sources. Several plant protein sources, however, were not evaluated, including wheat (gluten), rice, and other grains. In addition, there were limited studies with extended follow‐up duration, which would help assess issues of long‐term adherence.

Taking into account these strengths and limitations, the evidence was assessed by the GRADE system as moderate quality for a cholesterol‐lowering effect of plant protein in substitution for animal protein across LDL‐C, non--HDL‐C, and Apo‐B markers.

Implications {#jah32821-sec-0028}
------------

Current adult protein intakes average ≈80 to 100 g/d in the United States and Europe. Of this intake, ≈30% is from plant protein sources.[171](#jah32821-bib-0171){ref-type="ref"}, [172](#jah32821-bib-0172){ref-type="ref"} The median intervention of 30 g protein substitution per day across trials included in our analyses reflects the substitution of 1 to 2 servings of meat for plant protein substitutes or 3 250‐mL cups of dairy milk for soy milk. This additional substitution would mean a shift to diets with \>50% plant protein, which can be attained by following healthy dietary patterns, such as vegetarian, Mediterranean, and Portfolio dietary patterns.[173](#jah32821-bib-0173){ref-type="ref"}, [174](#jah32821-bib-0174){ref-type="ref"}, [175](#jah32821-bib-0175){ref-type="ref"} Given the low current consumption of plant protein‐rich foods, such as soy and pulses, in Canada and the United States, there remains a significant opportunity to realize the benefits of making such dietary changes.[176](#jah32821-bib-0176){ref-type="ref"}, [177](#jah32821-bib-0177){ref-type="ref"}, [178](#jah32821-bib-0178){ref-type="ref"}

Although the reductions in LDL‐C, non--HDL‐C, and Apo‐B on their own were modest (\<5%), plant protein can still contribute to meaningful reductions in lipids. On the basis of the evidence from the Portfolio diet, the lipid‐lowering effects of individual food components, which include plant protein from soy, pulses, and nuts, are additive, such that the LDL‐C--lowering effect (≈5%--10%) of each of the 4 components of the Portfolio diet food can be summed to achieve meaningful reductions.[3](#jah32821-bib-0003){ref-type="ref"}, [147](#jah32821-bib-0147){ref-type="ref"}, [148](#jah32821-bib-0148){ref-type="ref"} Several large trials and cohort studies have shown that such reductions are associated with improved cardiovascular outcomes.[179](#jah32821-bib-0179){ref-type="ref"}, [180](#jah32821-bib-0180){ref-type="ref"}, [181](#jah32821-bib-0181){ref-type="ref"}, [182](#jah32821-bib-0182){ref-type="ref"}, [183](#jah32821-bib-0183){ref-type="ref"}, [184](#jah32821-bib-0184){ref-type="ref"}, [185](#jah32821-bib-0185){ref-type="ref"} The 2016 Canadian Cardiovascular Guidelines further highlighted the superior predictive value for CVD of non--HDL‐C and Apo‐B, both of which were reduced by plant protein.[3](#jah32821-bib-0003){ref-type="ref"} The implication is that plant protein as part of a comprehensive lipid‐lowering dietary pattern alone or as an add‐on to other lipid‐lowering therapy can help people achieve their lipid targets and reduce CVD risk.

Despite the existing evidence for benefit, current dietary guidelines do not wholly reflect the demonstrated benefits of plant protein versus animal protein and tend to place animal sources of protein on the same level as plant sources.[20](#jah32821-bib-0020){ref-type="ref"}, [21](#jah32821-bib-0021){ref-type="ref"}, [22](#jah32821-bib-0022){ref-type="ref"} In particular, the 2015 to 2020 Dietary Guidelines for Americans recommend seafood, meats, poultry, eggs, nuts, seeds, and soy products indiscriminately as options for protein sources and suggest that the vegetarian dietary patterns described are only for those already following a vegetarian diet (which is incongruent with the Scientific Report of the 2015 Dietary Guidelines Advisory Committee on which the the 2015 to 2020 Dietary Guidelines for Americans is based).[8](#jah32821-bib-0008){ref-type="ref"}, [22](#jah32821-bib-0022){ref-type="ref"}, [23](#jah32821-bib-0023){ref-type="ref"}

Conclusions {#jah32821-sec-0029}
===========

In conclusion, our aggregate analyses demonstrate a benefit of plant protein in substitution for animal protein on established lipid targets for CVD prevention in adults with and without hyperlipidemia. To our knowledge, this is the first systematic review and meta‐analysis to directly evaluate the effects of plant protein as well as plant for animal protein replacement. These findings presents an opportunity for patients, clinicians, and guidelines to exploit the lipid‐lowering benefits of a sustainable plant‐based dietary strategy that is associated with improved overall health outcomes. Our confidence in the evidence for the LDL‐C--, non--HDL‐C--, and Apo‐B--lowering effects of plant protein, however, is limited by inconsistency for LDL‐C and non--HDL‐C and imprecision for Apo‐B. Further large, high‐quality, randomized controlled trials investigating plant protein sources beyond soy, particularly in young and healthy participants, would be useful to help better understand the role of plant protein in cardiovascular risk reduction.
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**Figure S2.** LDL‐C forest plot, random‐effects model.

**Figure S3.** LDL‐C forest plot, fixed‐effects model.

**Figure S4.** LDL‐C visual subgroup. Point estimates for each subgroup level (squares) are the pooled effect estimates. The dashed line represents the pooled effect estimate for the overall (total) analysis. The residual I^2^ value indicates the interstudy heterogeneity unexplained by the subgroup. Statistically significant pairwise subgroup effect modification by meta‐regression analyses at *P\<*0.05.

**Figure S5.** Post‐hoc subgroups. Point estimates for each subgroup level (squares) are the pooled effect estimates. The dashed line represents the pooled effect estimate for the overall (total) analysis. The residual I^2^ value indicates the interstudy heterogeneity unexplained by the subgroup. Statistically significant pairwise subgroup effect modification by meta‐regression analyses at *P\<*0.05.

**Figure S6.** Non‐HDL‐C forest plot, random‐effects model.

**Figure S7.** Non‐HDL‐C forest plot, fixed‐effects model.

**Figure S8.** Non‐HDL‐C visual subgroup. Point estimates for each subgroup level (squares) are the pooled effect estimates. The dashed line represents the pooled effect estimate for the overall (total) analysis. The residual I^2^ value indicates the interstudy heterogeneity unexplained by the subgroup. Statistically significant pairwise subgroup effect modification by meta‐regression analyses at *P\<*0.05.

**Figure S9.** Apo‐B forest plot, random‐effects model. HC indicates hypercholesterolemic; IF, isoflavones; LF, low‐fat; N, normal; NIF, no isoflavones. The pooled effect estimate (diamond) is shown. Paired analyses were applied to all crossover trials. Data are expressed as MDs with 95% CIs, using generic inverse‐variance random‐effects models. Inter‐study heterogeneity was tested using the Cochran Q statistic (chi‐square) at a significance level of *P*\<0.10 and quantified by I^2^, levels of ≥50% represented substantial heterogeneity.

**Figure S10.** Apo‐B forest plot, fixed‐effects model. HC indicates hypercholesterolemic; IF, isoflavones; LF, low‐fat; N, normal; NIF, no isoflavones. The pooled effect estimate (diamond) is shown. Paired analyses were applied to all crossover trials. Data are expressed as MDs with 95% CIs, using generic inverse‐variance fixed‐effects models. Inter‐study heterogeneity was tested using the Cochran Q statistic (chi‐square) at a significance level of *P*\<0.10 and quantified by I^2^, levels of ≥50% represented substantial heterogeneity.

**Figure S11.** Apo‐B visual subgroup. Point estimates for each subgroup level (squares) are the pooled effect estimates. The dashed line represents the pooled effect estimate for the overall (total) analysis. The residual I^2^ value indicates the interstudy heterogeneity unexplained by the subgroup. Statistically significant pairwise subgroup effect modification by meta‐regression analyses at *P\<*0.05.

**Figure S12.** Funnel plots. Publication bias funnel plots for LDL (A), non‐HDL (B), and apolipoprotein B (C). The solid line represents the pooled effect estimate expressed as the weighted mean difference (MD) of each analysis, and dashed lines represent pseudo‐95% confidence limits. Circles represent effect estimates of included trials. *P*‐values of Egger and Begg tests for publication bias are shown at top right for each analysis. \*Statistically significant (*P*\<0.05).

**Figure S13.** LDL‐C trim‐and‐fill funnel plot. The horizontal line represents the pooled effect estimate expressed as a mean difference. The diagonal lines represent the pseudo 95% CIs of the mean difference. The clear circles represent effect estimates for each included study.
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